We analyze the optical properties of plasmonic nanorod metamaterials in the "-near-zero regime and show, both theoretically and experimentally, that the performance of these composites is strongly affected by nonlocal response of the effective permittivity tensor. We provide the evidence of interference between main and additional waves propagating in the room-temperature nanorod metamaterials and develop an analytical description of this phenomenon. Additional waves are present in the majority of low-loss "-near-zero structures and should be explicitly considered when designing applications of "-near-zero composites, as they represent a separate communication channel.
Metamaterials, optical composites with structural units smaller than the wavelength, promise to provide the platform for realization of previously unachievable applications, such as superlensing [1] , optical cloaking [2] , photonic circuits [3, 4] , and multiscale light coupling [5, 6] . Many of these applications make use of epsilon-nearzero (ENZ) metamaterials in which components of the real part of dielectric permittivity Re" become vanishingly small. Here we show that in the limit of small losses, the optical properties of room-temperature ENZ metamaterial systems are strongly affected by a nonlocal response of effective dielectric permittivity. This behavior is remarkably similar to the behavior of crystalline solids at ultralow temperatures [7] [8] [9] .
The electromagnetic response of nanorod metamaterials has been a subject of several recent studies [10] [11] [12] [13] [14] [15] [16] [17] . It has been shown that these structures behave as uniaxial metamaterials with the optical axis parallel to rods. In general, the properties of these systems are well described by the Maxwell-Garnett-type effective medium theories (EMTs) [10, 13, 15] . Several studies have identified deviations of electromagnetic behavior of nanorod metamaterials from the effective medium approximation due to spatial dispersion, signified by the shift of dispersion curves from local EMT predictions, most notably at relatively low frequencies [16] . Nonlocality-based corrections to imaging and guiding in low-frequency wire arrays have been analyzed [18] .
In this Letter we demonstrate experimentally and theoretically that in the optical ENZ regime the spatial dispersion qualitatively changes the optical properties of structures and leads to excitation of additional transversemagnetic-polarized waves that do not exist in local EMTs. In particular, we demonstrate experimental evidence of excitation of additional waves in anisotropic nanorod-based metamaterials and provide the theoretical description of this phenomenon. Additional waves, which are expected to be present in most low-loss ENZ metamaterials, represent a new information channel in these systems, and therefore may lead to new exciting applications of ENZ composites.
The metamaterials studied in this Letter are formed by assembly of aligned metallic (Au) nanorods embedded in an alumina matrix ( Fig. 1 ). The gold nanorods were grown by direct electrodeposition into the pores formed in thin film anodized aluminum oxide, as described in detail in Ref. [19] . The typical parameters of the nanorod systems studied here are r ¼ 12:5 nm radius, 300 nm length with d ¼ 60 nm separation between the rods in the array (r, d ( , with being free-space wavelength). For spectral measurements, the samples were illuminated by collimated light (diameter 5 mm) from the tungsten-halogen source, and the transmitted light was collected into the fiber bundle coupled to the spectrograph with the liquid-nitrogencooled CCD array.
The transmission spectrum of nanorod metamaterials at oblique incidence for p-polarized incident light is dominated by two well-defined features [Figs. 1(c) and 1(d)] whose physical nature is associated with free-electron excitation perpendicular and along the nanorod axis, respectively, excited by the electric field of the incident light [10, 12] . These transverse (T) and longitudinal (L) modes correspond to the resonances j" yz j ) 1 and " x ! 0, respectively.
The strength and width of the L resonances are essentially limited by the optical absorption in plasmonic nanorods which is responsible for the deviation of Re" x from zero. In contrast to thin-film-based plasmonic metamaterials, the internal structure of solution-derived gold strongly limits the electron motion in the metal. Quantitatively, the effect of the restricted mean free path of the electrons on the permittivity of gold is described by [20] where " bulk is the permittivity of bulk metal [21] , R b ' 35:7 nm is the mean free path of the electrons in bulk Au, ! p ' 13:7 Â 10 15 Hz is the plasma frequency, ' 2:53 Â 10 À14 s is the relaxation time for the free electrons in gold, and R is the effective (restricted) mean free path. For solution-based gold nanorods, it is not untypical to have R $ 3 nm. Plane-wave-extinction spectra of periodic nanorod metamaterials for different values of parameter R were simulated with a three-dimensional (3D) finiteelement-method (FEM) solver [22] . Results of these simulations, shown in Figs. 1(e) and 1(f), clearly predict the splitting of L resonance in systems with larger R (in all cases R < r).
The unique advantage of nanorod composites over the typical metamaterial is that the electron confinement scale (and thus the absorption) may be drastically changed by annealing the samples. The internal structure of Au in nanords changes during annealing so that the electron mean free path can be controlled. In our studies, the samples were annealed in different regimes (100-300 C for 1-3 hours), resulting in the estimated increase of the restricted mean free path from 3 nm to 10 nm. The spec-troscopic measurements reveal that the changes in the permittivity of the metal and, particularly, the decrease in the imaginary part of permittivity, have a very minor effect on T resonance, but lead to splitting of the L resonance in lower-loss systems. In agreement with 3D simulations, the splitting strongly depends on the direction of wave propagation (incident angle) and on absorption ( Fig. 1) .
To gain insight into the origin of this splitting, we analyzed the dispersion of the eigenmodes of the periodic nanorod composites with FEM-based [22] simulations. The simulations reveal that the system supports three different waves: one transverse-electric wave (responsible for the T resonance) and two transverse-magnetic (TM) waves. The L resonance coincides with a regime of strong interaction between the two TM waves, signified by the avoided crossing between their dispersion curves. This is shown in Fig. 2(b) where the dispersion of the two TM modes obtained from FEM-based solutions of Maxwell's equations is shown with dots. For simplicity, the behavior of the square of the modal index Reðn 2 Þ ¼ Reðk 2
x c 2 =! 2 Þ has been considered. If this quantity is positive, the electromagnetic wave propagates in the medium; if the quantity is negative, the wave exponentially decays into the me- dium. It is clearly seen that there exists a range of wavelengths shorter than the L resonance where both TMpolarized waves simultaneously propagate in the metamaterial. Moreover, this behavior is identical to the response of nonlocal nongyrotropic crystalline materials [7] .
In metamaterials, as well as in crystalline media, spatial dispersion (caused by the field variation at the scale of material inhomogeneity) represents a relatively weak correction to effective permittivity:
Thus, the effects caused by the spatial dispersion can be typically neglected [15] . However, in proximity to the ENZ condition, the contribution of spatial dispersion becomes increasingly important. The presence of strong nonlocal terms dramatically changes the optical properties of materials, and often leads to the appearance of the additional transverse or longitudinal waves [8] . In conventional materials, nonlocality-induced additional waves can only be observed at very low temperatures when losses are low [8, 9] . Metamaterials enable excitation, analysis, and utilization of these waves at room temperatures [23] . The two TM waves identified in our numerical simulations represent main and additional TM waves supported by the nanorod metamaterial. The main wave with relatively smooth E x profile [Figs. 2(e) and 2(f)] corresponds to the lower TM mode for wavelength below the L resonance and to the upper TM mode for larger wavelengths. Note that the behavior of this mode away from L resonance is adequately described by local effective medium theory [dashed line in Fig. 2(b) ]. At the same frequency range, the additional wave has strongly nonuniform field distribution [Figs. 2(c) and 2(h)] and can only weakly couple to incident plane waves. The strong interaction between these modes in proximity to L resonance leads to substantial field mixing. As a result of this process, the profiles of both main and additional waves become almost uniform, and both waves contribute to the optical response of the structure.
To quantitatively describe the behavior of L resonance, we follow the procedures introduced in Ref. [7] , and represent the permittivity as
with components of tensor of " 0 ð!Þ described by local effective medium theory [10, 13, 15] :
with E Au ¼ 2E 0 " Al 2 O 3 =ð" Au þ " Al 2 O 3 Þ, and parameters p, " Au , and " Al 2 O 3 corresponding to the (surface) concentration of pores in alumina matrix (filling factor), and the permittivity of metamaterial components, respectively.
The dispersion of the three waves of anisotropic metamaterial (propagating in the xz plane) is now given by
with k x and k z ½¼ !=c sinðÞ being the components of the modal wave vectors. The value of x can be obtained by fitting Eq. (5) to FEM-based solutions. Such a procedure, performed for a number of values of k z and R, results in x ' 0:04 À 0:006i. Note that this value is comparable with the one typically achieved in ultralow-temperature semiconductors [8] . The agreement between the analytical calculation Eq. (5) and the results of FEM simulations is shown in Fig. 2 .
The analytical results provide an understanding of the electromagnetic behavior of anisotropic metamaterials in the ENZ regime. For relatively large losses, the contribution of nonlocality of permittivity is weak, and the system is adequately described by the local dielectric function. Although the additional wave does exist, the wavelength range corresponding to the avoided crossing between the two modes is extremely narrow. In the absence of mode mixing (which is restricted to the regime of avoided crossing), the spatial profile of the additional wave prevents it from coupling to the incident plane waves. Therefore, the extinction at the L resonance is dominated by the imaginary part of the wave vector of the main wave. Since in the ENZ regime Im½k x $ ! sinRe½ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi " yz =" x q =c ) !=c, only intensity, but not the spectral location of the L resonance, depends on the incident angle. The situation changes dramatically when the wave-vector-dependent term in Eq. (3) becomes comparable with the leading !-dependent term, which can be the case for higher angles [larger k z , Fig. 3(a) ] or small absorption [ Fig. 3(d) ]. Here the strong nonlocality results in substantial interaction between the ''main'' and ''additional'' TMpolarized waves that is accompanied by substantial field mixing as described above. As a result of this interaction and field mixing, both waves significantly contribute to transmission through the metamaterial.
The simultaneous coupling of both waves to the incident radiation has two main consequences. First, both intensity and spectral location of the extinction resonance, corresponding to the Imk x maximum of the main wave, depend on the incident angle. Second, the additional wave effectively opens up an additional communication channel in the system. As result, the extinction resonance (of the main wave) is modulated by the interference between main and additional waves.
Note that both TM-polarized modes simultaneously exist in the nonlocal metamaterial. Since these waves have identical polarization, it is impossible to determine their relative contribution to the field inside the system via conventional boundary conditions. Over the years, several forms of additional boundary conditions have been proposed to resolve this ambiguity in crystalline materials [8] . Our analysis suggests that the conditionP nonlocal ¼ 0 adequately describes the optical response of metamaterials.
Results of transfer-matrix wave-matching simulations incorporating the nonlocal EMT [Eq. (5)] and the above additional boundary condition, shown in Figs. 3(b) and 3(e), are in agreement with the experiments and with 3D FEM simulations. Note that for a range of frequencies and incident angles around L resonances, the amplitudes of both waves at the exit side of the metamaterial are equal to each other [Figs. 3(c) and 3(f)] with the transmission through the structure related to the interference between these two waves. The points of destructive interference correspond to transmission minima or, equivalently, to extinction maxima. While only two such maxima are seen in our experiment, our simulations suggest that higher-order interference maxima will be seen for longer nanorods.
To conclude, we have demonstrated that the optical properties of metamaterials may strongly deviate from the predictions of local effective medium theories in the ENZ regime. Strong nonlocality is accompanied by excitation of the additional (TM-polarized) electromagnetic wave. The propagation of this wave has to be taken into account when predicting the optical properties of metamaterials. Note that the additional wave not only distorts the propagation of its main counterpart, but it also represents an additional information channel in the system, and thus can be beneficial for some applications. The evidence of excitation of an additional wave in nanorod-based metamaterials has been found experimentally. An analytical description of the optical response of nonlocal ENZ nanorods has been presented.
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